Graded index (GRIN) lens-based microendoscopes are widely used to perform two-photon fluorescence microscopy in deep (> 1 mm) regions of highly scattering biological tissue, such as the mammalian brain. However, GRIN microendoscopes are limited by intrinsic aberrations which severely restrict the usable field-of-view (FOV). The effect of aberrations is particularly relevant in ultrathin (diameter < 500 m) microendoscopes which allow a less invasive insertion of the optical probe into the brain tissue but which are characterized by relatively small imaging FOV. Currently, there are limited commercially available solutions to correct aberrations in these ultrathin microendoscopes because of the difficulty in fabricating corrective optics at the small spatial scale corresponding to the microendoscope diameter. Here, we report the development and application of a new approach to correct aberrations in GRIN microendoscopes using microfabricated polymeric lenses. Corrective optical elements were first designed using optical simulation software, then fabricated by two-photon lithography, and finally coupled with the GRIN lens to generate aberration-corrected microendoscopic probes. The method that we developed was applied to several types of GRIN lenses that differed in length and diameter, and corrected microendoscopes had up to 9 folds larger FOV compared to uncorrected probes. We put corrected microendoscopes to the test by performing high-resolution functional imaging of hundreds of hippocampal or thalamic cells expressing genetically encoded fluorescent indicators in the mouse brain in vivo.
INTRODUCTION
Microendoscopes are important tools in neuroscience because they allow morphological and functional investigation of neural circuits in deep brain regions [1] [2] [3] [4] [5] . Ideally, microendoscopes should have small radial dimensions and, at the same time, maintain high spatial resolution across a large FOV. This would allow high-resolution population imaging, while minimizing tissue damage. Current microendoscopes are frequently based on GRIN rod lenses which have typical diameter between 0.35-1.5 mm and are characterized by intrinsic aberrations which significantly reduce the FOV 6 . This is especially relevant when ultrathin microendoscopes (diameter ≤ 500 µm) are used, because they are characterized by a smaller FOV. Specifically designed optical elements coupled with GRIN rods can be used to correct aberrations 3 . However, technical limitations in manufacturing high-precision optics with small lateral dimensions have so far prevented improvements in the performances of microendoscopes with lateral diameter < 1 mm using corrective optical microelements 7 .
Here we report the development and application of a new method to correct aberrations and extend the FOV in ultrathin microendoscopes. Extended FOV (eFOV) microendoscopes are composed of a GRIN rod lens (NEM-050-25-10-860-S, purchased from Grintech GmbH, Jena, DE), a glass coverslip and a small diameter (≤ 0.5 mm) aspheric lens ( Figure 1A , B) which was fabricated by two-photon polymerization (TPP) 8 and plastic molding replication 9 . 
OPTICAL CHARACTERIZATION
To characterize the performances of eFOV-microendoscopes, we coupled them with a standard two-photon laser scanning system and we measured the effect of aberration correction on the axial resolution across the FOV. To this aim, we acquired z-stacks of a subresolved thin fluorescent layer (thickness: 300 nm) as detailed in 10 . The x,z projection of the z-stacks showed higher axial resolution in eFOV-microendoscopes in an area that was ~ 6 folds wider compared to uncorrected microendoscopes (Figure 2A, B) . Imaging neurons expressing the green fluorescence protein (GFP) in fixed brain slices confirmed the ability of eFOV-microendoscopes to image larger FOV compared to uncorrected endoscopes. 
IN VIVO APPLICATION
We expressed the genetically encoded calcium indicator GCaMP6s in the CA1 hippocampal region and the thalamic ventral posteromedial nucleus and applied eFOV-microendoscopes to perform large scale aberration corrected twophoton functional imaging in vivo. Hundreds of active regions of interest (ROIs) could be imaged on a single plane using ultrathin eFOV-microendoscopes under these experimental conditions (Figure 3 ), confirming efficient population imaging.
CONCLUSIONS
In summary, we developed a new methodology to correct aberrations in ultrathin (diameter < 500 m) microendoscopes using microfabricated aspherical lenses. eFOV-microendoscopes showed significantly enlarged FOV, allowing efficient population imaging with ultrathin probes. Our approach allows the design of miniaturized optical probes with built-in aberration correction, opening the possibility to use these ready-to-use devices in a large variety of existing optical applications, from brain imaging and manipulation 11, 12 to tissue diagnostic.
